Image stability during self-motion is achieved via a combination of the optokinetic and vestibulo-ocular reflexes (OKR and VOR). To determine whether distinct neuronal mechanisms are used to calibrate eye movements driven by visual and vestibular signals, we examined the developmental maturation and adaptive plasticity of the OKR and VOR in mice. The combined performance of the OKR and VOR, measured with infrared video oculography, produces nearly perfect gaze stability both in adult mice and in juveniles (postnatal days 21-26). Analyses of the OKR and VOR in isolation, however, indicate that VOR gains in juveniles are lower than in adult mice, while OKR gains are higher, indicating that juveniles rely more strongly on vision to stabilize gaze than do adults. Adaptive plasticity in the mouse OKR and VOR could be induced by 30 min of visual-vestibular mismatch training. Examination of the effects of training on the OKR and VOR revealed differential mechanisms and persistence of adaptive plasticity. Increases in VOR gain induced by rotating mice in the opposite direction to the visual surround were short-lasting and were accompanied by long-lasting increases in OKR gain. In contrast, decreases in VOR gain induced by rotating mice in the same direction as the visual surround were persistent and were accompanied by long-lasting increases in OKR gain. Vestibular training had little effect on either the OKR or VOR, while visual training induced robust and long-lasting increases in the OKR but had no effect on the VOR. These data indicate that multiple mechanisms of plasticity operate over distinct time courses to optimize oculomotor performance in mice.
Introduction
The ability to see clearly during self-motion depends on the combined operation of the optokinetic and vestibulo-ocular reflexes (OKR and VOR, respectively). The OKR, evoked by image motion across the retina, produces eye movements in the direction of visual motion. The VOR, evoked by motion of the head, produces eye movements in the opposite direction to head movements. The combined performance of the OKR and VOR is excellent, resulting in minimal image motion over a wide range of movement frequencies.
Both the VOR and the OKR have been shown to be remarkably plastic throughout life. Adaptive changes in the gain of the VOR (eye speed/stimulus speed) can be induced by exposing subjects to persistent image motion during head movement (reviewed in: du Lac (1995); Raymond, Lisberger, & Mauk (1996) ). VOR gain can either increase or decrease, and the persistence of gain changes depends on the nature and duration of the adapting stimuli (Boyden & Raymond, 2003; Kuki, Hirata, Blazquez, Heiney, & Highstein, 2004; Miles & Eighmy, 1980) . The gain of the OKR can be increased by prolonged image motion in the absence of head movements (Collewijn & Grootendorst, 1979; Iwashita, Kanai, Funabiki, Matsuda, & Hirano, 2001; Katoh, Kitazawa, Itohara, & Nagao, 1998; Marsh & Baker, 1997; Nagao, 1983; van Alphen & De Zeeuw, 2002) . The extent to which the sites and mechanisms of VOR and OKR plasticity are shared remains an open question. Interactions between gain changes in VOR and OKR have been examined in different species, and the studies have yielded discrepant results. In primates, changes in VOR gain induced by telescoping spectacles are accompanied by parallel changes in the late component of the OKR (Lisberger, Miles, Optican, & Eighmy, 1981) , implicating a shared site of oculomotor plasticity. In contrast, VOR and OKR gain changes are decoupled in rabbits, such that although VOR and OKR gains increase in parallel, decreases in VOR gain are accompanied by increases in OKR gain (Collewijn & Grootendorst, 1979) . These results indicate that a single variable gain element can not account for VOR and OKR plasticity in all species.
Recent advances in molecular genetic techniques have made mice a compelling species for the mechanistic analysis of oculomotor plasticity. Eye movement responses to visual and vestibular stimulation are robust in mice (Katoh et al., 1998; Killian & Baker, 2002; Stahl et al., 2000; van Alphen et al., 2001) , and the combined operation of the VOR and OKR produces nearly perfect compensation for self-motion (Stahl, van Alphen, & De Zeeuw, 2000) . A number of studies have demonstrated adaptive plasticity in the mouse VOR and OKR (Boyden & Raymond, 2003; Iwashita et al., 2001; Katoh et al., 1998; van Alphen & De Zeeuw, 2002) . It is not known, however, whether induced changes in gain of the VOR and OKR are yoked in this species. In this study, we investigate the effects of visual-vestibular mismatch training on the OKR and VOR in adult mice to assess whether the underlying mechanisms of plasticity are shared or distinct.
Interactions between gain control mechanisms for the OKR and VOR are likely to be a crucial element of the maturation of the reflexes after the eyes open, but little is known about the development of either the OKR or the VOR in rodents. Although a number of studies have investigated the developmental maturation of the neuronal circuits that mediate gaze stabilizing eye movements in rodents (Curthoys, 1979a (Curthoys, , 1979b Curthoys, 1982; Dutia & Johnston, 1998; Dutia, Lotto, & Johnston, 1995; Lannou, Precht, & Cazin, 1979 Murphy & du Lac, 2001; Reber-Pelle, 1984) , whether the OKR and VOR are functional during the postnatal month is not known. We therefore also assessed the development of the OKR and VOR movements in juvenile mice.
Methods
C57Bl/6 mice of both genders were used in this study. Animals were obtained from Harlan (Indianapolis, USA), Jackson Laboratory (Bar Harbor, USA) or our own breeding colony. Mice for the juvenile group ranged in age from postnatal days 21-26 (average 23.7, n = 11) and weighed 10-14 g; adult mice were 3-4 months of age (n = 8) and weighed between 20 and 35 g.
Implant of headpost
An acrylic headpost was implanted onto the skull under deep Isoflurane anesthesia as described by van Alphen, Stahl, and De Zeeuw (2001) . Three to five M1x3 stainless steel screws were placed into the skull and incorporated into a pedestal of dental cement (Lang jet acrylic, Henry Schein Dental, USA) also containing two M1.4 stainless steel nuts. Mice were allowed to recover from headpost surgery for a minimum of 48 h before the first recording (24 h minimum for juveniles).
Eye movement recordings
Mice were briefly anesthetized with Isoflurane and restrained in a custom built animal holder. The holder consisted of a split Plexiglas tube which could be closed around the animal with Velcro straps. An aluminum bar attached to the top of the tube held two M1.4 screws fitting into the M1.4 nuts in the headpost. The animal holder was secured to the measuring platform in the center of a mechanical turntable (Biomedical Engineering, NY, USA) via a lockable ball joint. Animals were oriented 30°nose down (thereby aligning the horizontal semicircular canals with earth horizontal) and leveled to compensate for differences in the headpost in order to have a uniform position with respect to the camera for all animals. The midpoint of the interaural axis was positioned in the center of rotation of the turntable. To prevent excessive pupil dilation in the dark which would interfere with the recording, animals were pretreated with a 0.5% physostigmine salicylate solution.
An image of the mouseÕs eye was acquired with a miniature infrared video camera (Elmo 421R, Elmo, USA). Infrared illumination was generated by a multi-LED array (Iscan, Burlington, MA, USA) and a single IR-LED positioned along the optical axis from camera to eye supplied additional illumination and generated the reference corneal reflection (CR) used for calibration (see below). Position of the pupil and the CR were recorded with a commercial video eye-tracking system (RK-726I; Iscan). Calibration of the system and conversion of pupil position into rotational angle of the eye were performed according to Stahl (Stahl, 2002 , Stahl et al., 2000 . In short, camera and reference LED were rotated around the mouse over ±10° (zero-to-peak) and from the respective difference of CR to pupil position at the two extreme camera positions, a conversion factor R p was calculated. R p is a measure of the distance of the corneal surface to the center of the pupil and allows for offline calculation of the eyeÕs rotational angle (E) as E = arcsin (X/R p ), where X is the horizontal distance between CR and pupil. R p was corrected for pupil diameter according to Stahl (2002) and calibration was performed at varying light levels to induce a wide range of pupil diameters. After calibration, the camera was locked in the center position and during each experiment; pupil and CR position as well as pupil diameter were recorded with a scan rate of 60 Hz.
Optokinetic stimulation was provided by a 50 cm diameter drum displaying a vertical black and white striped pattern (stripe width 5°visual angle), lowered around the animal and camera. Vestibular stimulation was provided by sinusoidal rotations of the turntable in the light (VORl) or in the dark (VORd). To ensure total darkness for VORd measurements, a dark curtain was placed around the drum/turntable setup and a second light tight curtain partitioned off the part of the room containing the monitors and drum/table controllers. Stimuli consisted of sinusoidal rotations of either drum or table at frequencies from 0.25, 0.5, or 1 Hz at stimulus amplitudes of 10°peak-to-peak, yielding peak stimulus velocities of 7.5°/s, 15°/s, and 30°/s, respectively. Drum and table position were recorded at a scan rate 100 Hz. A minimum of two control recordings were taken for each adult animal to provide a stable baseline reference for the adaptation experiments. To minimize habituation, periodic noises such as claps or hisses were made prior to or during training and testing periods, particularly during vestibular stimulation in darkness.
Juvenile animals (<p30) required modifications of the recording procedure due to several compounding factors: because of the soft skull and resulting less stable headpost and increased level of anxiety found in the young mice, a higher level of noise was encountered. Additionally, the physical dimensions of the eye were smaller than in the adult group and young mice proved to have darker irises than older animals, resulting in poor contrast and difficulties in obtaining a trackable and robust pupil signal. More effort was required to find optimal positions for mice in the setup and placement of the LED array. Juvenile mice also displayed a reduced sensitivity to physostigmine, often requiring administration of brief light flashes during long recording runs in the dark to induce pupil constriction. Because the headpost proved to be less durable in juvenile mice, recording sessions were as brief as possible.
Training procedures
To evaluate the contribution of head and image motion signals to adaptive gain changes in the oculomotor system, animals were subjected to a number of different training paradigms. Training sessions began with a recording of baseline performance, measuring OKR and VOR in darkness (VORd). Training frequency was always 0.5 Hz at ±5°(zero-to-peak) amplitude.
After baseline recording, a 30 min training block was run. Immediately after, 15 min after and 1 h after the end of the training, VORd and OKR were measured again. In between recordings, the animals remained in the setup with the lights turned off. The following training paradigms were applied: X0 training: both drum and table were rotated at equal frequency and amplitude and completely in phase. X2 training: drum and table were rotated at equal frequency and amplitude but 180°phase shifted. X1 training: the turntable was rotated ±5°with the lights on and the drum stationary. Visual training: the drum was rotated ±5°with the lights on and the turntable and animal stationary. Vestibular training: the turntable was rotated ±5°in the dark.
Data analysis
In an initial step, position traces were calculated from CR and pupil position data, using the R p regression determined in the calibration (Stahl, 2002; Stahl et al., 2000) . Eye and stimulus position traces were then transformed into the velocity domain by digital differentiation. Saccades were automatically removed from the traces by a velocity threshold based algorithm. Cycles exhibiting movement artifacts (blinks or animal motion) were manually edited from the recordings. Habituation during vestibular stimulation in darkness was evident in a subset of traces in which eye movement amplitude was constant for the initial cycles of the stimulus, but thereafter declined while exhibiting increased variance. In traces exhibiting such habituation, the initial 3-10 cycles (typically 5-8) were used for the analyses. Gain and phase were determined from sinusoidal fits constrained to the stimulus frequency. A forced least square sine fit was performed to the stimulus and eye velocity traces and gain and phase relation were determined from the sine fits. Data for the adaptation experiments presented in this study represent the group averages and standard error for the same eight animals with the exception of vestibular training for which only six animals were used. Statistical analyses of training induced changes in eye movements were performed with paired t-tests; comparisons of juvenile and adult data were based on unpaired t-tests.
Results

Gaze stabilizing eye movements in adult mice
The ability of mice to stabilize gaze with eye movements was assessed by rotating mice on a turntable while allowing them to view a stationary striped pattern. Eye movements were monitored with an infrared video tracker in response to three different frequencies of vestibular stimulation (0.25, 0.5, and 1 Hz) and with fixed peak-to-peak rotation amplitude of 10°. Under these conditions, the eye movements evoked by vestibular rotation in the presence of visual stimuli, termed VORl (VOR in the light), were almost perfectly compensatory in adult mice (3-4 month-old) as was reported previously (Stahl et al., 2000) . The average gain (eye speed/ stimulus speed) of the VORl in eight mice are plotted as grey circles in Fig. 1(b) . VORl gains were 0.93 during rotations at 0.25 and 0.5 Hz and 0.94 during 1 Hz rotation and were quite consistent across animals, as evidenced by the small standard deviation bars. Fig. 1(d) plots the difference between the eye movement response phase and that required for completely stable gaze (i.e. 180°for VORl). VORl response phase deviated from perfectly compensatory by only a degree or two across the stimulus range tested.
The VORl reflects the combined responses to head and image motion signals. To test the relative contributions of the vestibular and visual components, eye movements were monitored in response to each stimulus presented separately. The gain and phase of the optokinetic response (OKR) are shown in the open triangles of Fig. 1(b) and (d). OKR gain dropped from 0.8 to 0.22, and phase lag increased from 4.6°to 20.3°as stimulus frequency increased from 0.25 to 1 Hz. These results are consistent with previous reports of decreases in OKR gain with increasing stimulus velocity in mice (Iwashita et al., 2001; Katoh et al., 1998; van Alphen et al., 2001 ) and indicate that visual signals are not sufficient to stabilize gaze, especially at higher stimulus velocities. The vestibulo-ocular reflex, measured in darkness (VORd) exhibited the opposite pattern: VORd gains increased from 0.32 to 0.74 with increasing stimulus frequencies (Fig. 1(b) , closed triangles). The VORd had a phase lead that decreased from 30.6°to 10.5°as stimulus frequency increased ( Fig. 1(d) , closed triangles). The low VORd gains and pronounced phase lead in response to head rotations at 0.25 Hz have been observed previously in mice (Iwashita et al., 2001; Katoh et al., 1998; van Alphen et al., 2001) and are consistent with a lack of the Ôvelocity storage integratorÕ (Raphan, Matsuo, & Cohen, 1979) . Together, the data presented in Fig. 1(b) and (d) indicate that neither visual nor vestibular signals alone are sufficient to stabilize retinal images during self-motion, but rather that gaze stability relies on their conjoint operation.
Comparison of gaze stabilizing eye movements in juvenile and adult mice
The pattern of eye movements evoked by visual and vestibular stimulation was similar in juvenile and adult mice. The youngest age from which we could attain reliable eye movement measurements was postnatal day 21; poor pupil contrast resulting from dark irises in younger mice precluded earlier measurements. Figs. 1(a) and (c) plot average eye movement gain and phase, respectively, in 11 mice ranging in age from postnatal days 21-26 (mean 23.8). The gain of the VORl in juvenile mice ranged from 0.89 to 0.91, and eye movement phase was almost perfectly compensatory; neither gain nor phase of VORl were significantly different from adult values. Although the VORl data suggest that gaze stabilizing eye movements in mice are completely mature by the third to fourth postnatal week, analyses of the VORd and OKR in isolation indicate otherwise. VORd gains in juvenile mice were significantly lower at 0.25 and 0.5 Hz than in adults (p = 0.03 and 0.02, respectively), attaining 75-78% of their adult values. Correspondingly, phase leads were also significantly higher in juveniles than adults at these frequencies (p = 0.04 and 0.0001). VORd gains at 1 Hz were identical in juveniles and adults, although response phase in juveniles was significantly advanced relative to that in adults (5.4 ± 2.1°, p = 0.0011). In contrast, the only significant differences between OKR performance in juvenile and adult mice was observed in response at 1 Hz, where average OKR gain was 145% of its adult value (p = 0.01) and exhibited an increased phase lag (6.2 ± 3.7°, p = 0.02). These data indicate that by the third to fourth postnatal weeks, the OKR has attained or surpassed adult values, whereas the VORd has not matured fully.
Adaptive plasticity in the VORd induced by visualvestibular mismatch training
Plasticity in adult mouse VORd and OKR was induced with 30 min of visual-vestibular mismatch training. Three training conditions were used, each with stimulus frequency at 0.5 Hz and peak-to-peak amplitude of 10°. In the X2 paradigm, mice were rotated on the turntable while the optokinetic drum moved outof-phase; perfect gaze stabilization under this condition requires doubling the strength of the eye movement. In the X0 paradigm, the turntable and drum were rotated in phase with each other; under this condition, complete gaze stability requires a complete suppression of eye movements. In the X1 paradigm, the turntable was rotated with respect to a fixed visual surround (as in measurements of VORl). Because the VORl is almost perfectly compensatory in adult mice (Fig. 1) , the X1 condition produces very little image motion during head movements. Gains were assessed at a stimulus frequency of 0.5 Hz prior to and immediately after each training session, as well as 15 and 60 min after the end of training. Mice were kept in darkness between training and testing.
The effect of visual-vestibular mismatch training on VORd gains are shown in Fig. 2 . X2 training for 30 min resulted in a 24 ± 13 % increase (from 0.66 ± 0.11 to 0.81 ± 0.08, p = 0.013) immediately after training (grey squares in Fig. 2(a) ). VORd gain was still significantly elevated 15 min later (21 ± 16%, p = 0.004), but decayed to control values within 1 h (13 ± 19%, p = 0.07).
In contrast, X0 training produced long-lasting decreases in VORd gain. Immediately after training, VORd gain decreased to 72% of control values (p < 0.001), and gain remained significantly lower than control values for the duration of the experiment; 1 h after training, gains were 79% of control values (p = 0.002). Vestibular stimulation in the presence of a stationary stimulus (X1 training) had no effect on VORd gains, consistent with a requirement of conjunctive image and head motion for VORd plasticity.
The changes in VORd gain induced by visual-vestibular mismatch training were accompanied by increases in response phase with respect to head movement (Fig.  2(b) ). X2 training induced a phase advance that was evident immediately after training (4.8 ± 3.1°, p = 0.037) but that did not persist. In contrast, X0 training induced persistent increases in phase lead that averaged 6.7-7.8°a nd were significant at all times measured after training (p < 0.01). X1 training had no effects on VORd phase (p > 0.66). 
Adaptive plasticity in the OKR induced by visualvestibular mismatch training
Visual-vestibular mismatch training had qualitatively different effects on the OKR than on the VOR. Both X2 and X0 training evoked persistent increases in OKR gain (Fig. 3(a) ). Thirty minutes after X2 training, OKR gains increased robustly by 28% (p < 0.001), and gains remained significantly elevated 1 h later (p < 0.001). X0 visual-vestibular mismatch training produced modest increases in OKR gain that were not significant either immediately after training (16 ± 0.22%, p = 0.08) or 15 min later (9 ± 24%, p = 0.33). However, 1 h after X0 training, OKR gains were significantly higher than pre-training levels (24 ± 11%, p < 0.001). The increases in OKR gain induced by visual-vestibular mismatch training were accompanied by decreases in phase lag with respect to image motion (Fig. 3(b) ). X2 training produced decreases in phase lag, from 7.4 ± 2.7°prior to training to 1.8 ± 2.9°immediately after training (p = 0.002). X0 training also resulted in decreases in phase lag (to 3.3 ± 1.5°, p = 0.02). The decreases in phase lag induced by visual-vestibular mismatch training persisted for at least 1 h for both X0 and X2 training (p < 0.001).
Effects of visual and vestibular training on VORd and OKR
To determine whether a combination of head movement and image motion signals are required to drive plasticity, mice were exposed to vestibular stimulation in darkness (vestibular training) and to optokinetic stimulation in the absence of head movement (visual training). The training and testing paradigms were otherwise identical to those described above. Visual training had no effect on the gain of the VORd (Fig.  4(a) , closed circles). Vestibular training had little effect on VORd gain immediately after the training period but did evoke a decrease in VORd gain 15 min later, to 86 ± 20% of control values (p = 0.03). An hour after training, although VORd gain tended to be lower than control (91 ± 16%), this decrease was not significant (p = 0.16). VOR gain and phase were differentially affected by training. While vestibular training had little effect on VOR phase, following visual training, VOR phase advanced by 8.4 ± 2.2 relative to control levels (p < 0.01), and phase remained significantly advanced for at least 1 h (Fig. 4(b) ).
Thirty minutes of visual training evoked persistent increases in OKR gain (Fig. 5(a) filled circles) . Immediately after training, OKR gain had increased by 27 ± 14% (p < 0.001), and this gain increase was evident 1 h after training had finished (p = 0.002). Visual training also induced a persistent decrease in OKR phase lag (from 6.2 ± 2.°to 1.6 ± 1.9°1 h after training, p < 0.001). In contrast, vestibular training had no significant effect on either OKR gain (Fig. 5(a) open squares) or phase (Fig. 5(b) ). These data indicate that image motion alone is sufficient to trigger plasticity in the OKR.
Discussion
This study investigated the maturation and plasticity of the optokinetic and vestibular components of gaze stabilization in mice. By using a combination of the OKR and VOR, mice achieve excellent gaze stability by the beginning of the fourth postnatal week. The maturation of the VOR lags that of the OKR, such that juvenile mice rely particularly strongly on vision to stabilize gaze during slow head movements. Analyses of the effect of visual and vestibular experience on eye movements indicate that plasticity in the mouse VOR requires a conjunction of image motion and head movements, whereas OKR plasticity can be triggered by image motion alone. Differences in the direction and persistence of gain changes in the VOR and OKR following identical training conditions indicate that multiple mechanisms of plasticity are used to calibrate mouse gaze stabilization circuitry.
Although the sensory pathways that drive the VOR and OKR are distinct, much of the downstream circuitry that generates and modifies these eye movements is shared, including the vestibular nuclei and cerebellar flocculus. The relatively early maturation of gaze stability in rodents is consistent with observations that the developmental maturation of the shared circuitry for the VOR and OKR occurs within the first 3-4 weeks in rodents. Neuronal excitability in rat vestibular nucleus neurons is largely mature by the end of the third postnatal week (Murphy & du Lac, 2001) , although increases in spontaneous firing rates continue throughout the first month of life (Dutia et al., 1995) . Adaptive plasticity in eye movements requires a functional cerebellum. Available evidence indicates that Purkinje cell development (Berry & Bradley, 1976) and the retraction of multiple climbing fiber innervation (Crepel & Mariani, 1976; Lohof, Delhaye-Bouchaud, & Mariani, 1996; Nishiyama & Linden, 2004) is nearly complete by the end of the third postnatal week, raising the possibility that cerebellar-dependent mechanisms of plasticity contribute to the relatively mature state of the OKR and VOR at the outset of the fourth postnatal week. Although electrophysiological data in developing rats suggested that the efficacy of optokinetic pathways continue to increase after postnatal day 26 (Lannou et al., 1979 (Lannou et al., , 1980 ReberPelle, 1984) , our behavioral evidence in mice indicates that the OKR has attained adult values by that time. The relatively delayed maturation of the VOR could reflect the smaller size of the skull and vestibular apparatus in juvenile vs adult mice.
Results from the present study are consistent with previous reports on the normal performance and adaptive plasticity of mouse eye movements. The low gain and phase lead observed in the VORd at low frequencies ( Fig. 1) has been attributed to a lack of the Ôvelocity storageÕ integrator (van Alphen et al., 2001) . The nearly perfect compensation that is achieved by the oculomotor system in the presence of visual stimulation indicates that mice are particularly reliant on vision to stabilize gaze during slow head movements. OKR plasticity in mice has been observed previously following 1 h of visual training (Katoh et al., 1998) . Our data indicate that only 30 min of visual training is sufficient to produce robust and long-lasting increases in OKR gain.
Although the effects of visual-vestibular mismatch training on the VOR have been reported previously in mice (Boyden & Raymond, 2003 Iwashita et al., 2001; Katoh et al., 1998) , it was not known whether induced changes in the OKR paralleled those in the VOR. Our study demonstrates that experience differentially affects the mouse OKR and VOR. As in rabbits (Collewijn & Grootendorst, 1979) , adaptive stimuli that reduce VORd gain lead to increases in OKR gain (Fig. 2) . This contrasts with findings in monkeys showing that decreases in VORd gain are paralleled by decreases in the slow phase of the OKR and in optokinetic afternystagmus (Lisberger et al., 1981) . The discrepancy between the findings in mice and monkeys may be explained by differences in the performance of the velocity storage integrator, which mediates the components of the OKR that change in parallel with VOR in monkeys.
Differences in the persistence of induced gain changes in the VORd and OKR suggest that a number of different mechanisms operating over short and long time scales drive adaptive plasticity in eye movements. Increases in OKR gain always persisted for more than 1 h, regardless of whether they were evoked by gain-up or gain-down visual-vestibular mismatch training or by visual training. In contrast, while decreases in VOR gain were long-lasting, increases in VORd gain were short-lasting (Fig. 2) . Qualitatively similar results were first reported in monkeys by Miles and Eighmy (1980) , who observed that decreases in VORd gain evoked by miniaturizing spectacles persisted at least a week in the absence of head movement, whereas increases in VORd gain decayed to near baseline levels within days. Differences in the persistence of gain increases and decreases induced by visual-vestibular mismatch training were recently reported in the VOR of monkeys (Kuki et al., 2004) and mice (Boyden & Raymond, 2003) . Interestingly, the VOR gain increases observed in the study on mice lasted for more than 2 h (Boyden & Raymond, 2003) , while the present results indicate that VOR gain increases persist for 15 min but decay to near-control levels within 1 h. Differences in the nature of the adapting stimuli could account for the discrepancy: the previous study in mice used training conditions that produced considerably lower amplitude and velocity image motion during head movements than did ours. This raises the possibility that, as with other systems (Linkenhoker & Knudsen, 2002) , small error signals may be particularly effective in inducing persistent changes in the VOR.
